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Abstract
The use of environmental tracers in characterization of ground-water systems is

investigated through mathematical modeling of ground-water age and atmospheric tracer

transport, and by a field study at the Mirror Lake site, New Hampshire.  Theory is

presented for modeling ground-water age using the advective-dispersive transport

equation. The transport equation includes a zero-order source of unit strength,

corresponding to the rate of aging, and can accommodate matrix diffusion and other

exchange processes.  The effect of temperature fluctuations and layered soils on transport

of atmospheric gases to the water table is investigated using a one-dimensional numerical

model of chlorofluorocarbon (CFC-11) transport.  The nonlinear relation between

temperature and HenryÕs Law coefficient (reflecting air/water phase partitioning) can

cause the apparent recharge temperature to be elevated above the annual mean

temperature where the water table is shallow.  In addition, fine-grained soils can isolate

the air phase in the unsaturated zone from the atmosphere. At the USGSÕ Mirror Lake,

New Hampshire fractured-rock research site CFC concentrations near the water table are

depleted where dissolved oxygen is low.  CFC-11 and CFC-113 are completely absent

under anaerobic conditions, while CFC-12 is as low as one-third of modern

concentrations.  Anaerobic biodegradation apparently consumes CFCÕs near the water

table at this site.  One area of active degradation appears to be associated with streamflow

loss to ground water.  Soil gas concentrations are generally close to atmospheric levels,

although some spatial correlation is observed between depleted concentrations of CFC-11

and CFC-113 in soil gas and water-table samples.  Results of unsaturated-zone

monitoring indicate that recharge occurs throughout the year in the watershed, even

during summer evapotranspiration periods, and that seasonal temperature fluctuations

occur as much as 5 meters below land surface.  Application of ground-water age and

CFC-11 transport models to the large-scale ground-water system at Mirror Lake



iv

illustrates the similarities between age and chemical transport.  Generally, bedrock

porosities required to match observed apparent ages from CFC concentrations are high

relative to porosities measured on cores.  Although matrix diffusion has no effect on

steady-state age, it can significantly reduce CFC concentrations in fractured rock in

which the effective porosity is low.



v

Table of Contents

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

Table of Contents .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .v

List of Figures.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

List of Tables.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .xviii

Acknowledgments .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xix

Chapter 1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

References .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .4

Chapter 2 Direct Simulation of Ground-Water Age. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1  Introduction .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .5

2.2  Derivation of Mean-Age Transport Equation.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9

2.2.1  Residence-Time Distribution .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9

2.2.2  Conservation of Age Mass.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2.3  Boundary and initial conditions .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2.4  Internal source of age mass.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.5  Effect of matrix diffusion at steady state .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3  Examples .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.3.1  Regional Flow in Cross Section .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.3.2  Matrix Diffusion from a Single Fracture .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.3.3 Age of Pumped Samples from a Heterogeneous Formation.. . . . . . . . . . . . . . . . . . . . . 35

2.3.4 Two-Dimensional Age Distribution in Mildly-Heterogeneous Porous Media. . 42

2.4  Summary .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.5  References.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49



vi

Chapter 3 Effects of Temperature Fluctuations on CFC-11 Transport

from the Atmosphere to the Water Table . . . . . . . . . . . . . . . . . . . . . . . . . . . . .5 2

3.1  Introduction .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.2  Governing Equations, Constitutive Relations, and Numerical Solution.. . . . . . . . . . . . 54

3.2.1  Governing Equations and Boundary Conditions.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.2.2  Constitutive Relations .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.2.2  Numerical Solution .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.2.3  Benchmark Simulation .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.3  Homogeneous Media .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.3.1  Static Water.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.3.2  Steady Water Flow ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.3.3  Seasonal Temperature Cycle.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.4  Layered Soil. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.4.1  Static Water.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.4.2  Steady Water Flow and Seasonal Temperature Cycle .. . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.5 HenryÕs Law Coefficient for Recharge.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

3.6  Summary .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

3.7  References.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

Chapter 4 Field Study of CFC Concentrations at the Water Table at the

Mirror Lake Site, New Hampshire. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9 0

4.1  Introduction .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.1.1  CFCÕs as Environmental Tracers .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.1.2  Mirror Lake Field Site. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.1.3  Ground-Water Ages from CFC Data at Mirror Lake .. . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.1.4  Scope and Objectives.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.2  Methods .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97



vii

4.2.1 Moisture Content and Pressure .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.2.2  Soil Temperature.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

4.2.3  Water Sample Collection and Analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.2.4  Soil Gas Sampling and Analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .103

4.3  Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .108

4.3.1  Moisture Content and Pressure.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .108

4.3.2  Soil Temperature.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..114

4.3.3  General Chemistry.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..117

4.3.4  Chlorofluorocarbon Concentrations .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .130

4.4  Discussion.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .146

4.5  Summary .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .152

4.6  References.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .153

Chapter 5 Regional-Scale Simulation of Ground-Water Age and CFC-11

Transport at the Mirror Lake Site, New Hampshire . . . . . . . . . 157

5.1  Introduction .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .157

5.2  Background ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .158

5.2.1  Regional-Scale Flow Modeling at Mirror Lake site . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .158

5.2.2  Environmental Tracers and Ground-Water Age at the Mirror Lake Site. . . . . . .160

5.2.3  Scope of this study .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..162

5.3  Model Construction .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..163

5.3.1  Flow model results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..166

5.4  Ground-Water Age.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..169

5.5 CFC-11 Transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .175

5.5.1  Advective Transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..175

5.5.2  Matrix Diffusion .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..182

5.6  Summary .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .188



viii

5.7  References.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .188

Chapter 6 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .190

Future Work.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .193



ix

List of Figures

Figure 2-1  Flow boundary conditions on top of cross-sectional model of regional aquifer

system showing specified-flux values for recharge nodes and specified-head values

for discharge nodes.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

Figure 2-2  Results of direct simulation of groundwater age in a uniform regional aquifer

system in which the hydraulic conductivity is 10-6 m/s.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

Figure 2-3  Results of direct simulation of groundwater age in a cross-section through a

layered regional aquifer system in which the bottom layer is 30 m thick with

hydraulic conductivity 10-5 m/s, and the overlying layer is 70 m thick with hydraulic

conductivity 10-6 m/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

Figure 2-4  Percent difference in simulated age distribution between advection only and

advection-dispersion cases in a layered regional aquifer system. .. . . . . . . . . . . . . . . . . . . . 26

Figure 2-5  Contours of simulated groundwater age in a layered regional aquifer system

for advection and diffusion obtained by using proposed transport equation method,

and by using a particle tracking and random walk method.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

Figure 2-6  Results of direct simulation of groundwater age in a cross-section through a

discontinuous layered regional aquifer system in which three high-permeability

zones occur at the bottom. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

Figure 2-7  Results of direct simulation of groundwater age in a cross-section through a

stratified heterogeneous regional aquifer system in which eight discontinuous

high-permeability zones occur at three different depths. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

Figure 2-8  Results of direct simulation of groundwater age in a cross-section through a

stratified heterogeneous regional aquifer system in which eight discontinuous

high-permeability zones occur at three different depths. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

Figure 2-9  Age at x = 9.5 m from the inflow boundary of a one-dimensional rock column

having fracture porosity 0.01, rock matrix porosity 0.09, and specific discharge 1

m/day.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

Figure 2-10  Hydraulic conductivity distribution for three-dimensional highly-

heterogeneous case. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37



x

Figure 2-11  Results of direct simulation of steady-state groundwater age in a highly-

heterogeneous fractured bedrock.  The colors correspond to age, ranging from less

than 3 years (white) to greater than 700 years (black). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

Figure 2-12  Results of direct simulation of steady-state groundwater age in a highly-

heterogeneous fractured bedrock:  (a) Y-Z cross-section along the middle of the model

at column 7 (x=53 m), variable contour intervals in years.  (b) X-Z cross-section at

the outflow end of the model along row 21 (y=160 m). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

Figure 2-13  Sample age as a function of pumping time in a highly-heterogeneous

aquifer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

Figure 2-14  Age simulation in a mildly heterogeneous two-dimensional aquifer. . . . . . . . . . 43

Figure 2-15  Age variation along lines oriented longitudinal (a) and lateral (b) to the average

flow direction for a mildly heterogeneous two-dimensional aquifer.. . . . . . . . . . . . . . . . . . . 45

Figure 3-1  Moisture retention and relative unsaturated hydraulic conductivity for a sandy

loam and a silty loam soil using Mualem - van Genuchten constitutive model. . . . . . . . 59

Figure 3-2  HenryÕs Law coefficient (Kw) for CFC-11; the ratio of the volumetric

concentration in water having zero salinity to the volumetric concentration in air at sea

level.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

Figure 3-3  CFC-11 in water (c) and air (ca) with depth, 1993, for unsaturated zone

conditions of Cook and Solomon (1995, p. 265): uniform moisture and air content;

isothermal; and water table at depth of 30 meters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

Figure 3-4  Air content (θa), tortuosity (τ), and their product versus depth for sandy loam

moisture retention curve and water table depth at 5 meters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

Figure 3-5  CFC-11 concentrations in 1993 versus depth for two no-flow cases having a

water table at 5 meters depth: (a) uniform air content, and (b) sandy loam hydrostatic

moisture retention curve.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

Figure 3-6  CFC-11 concentration versus depth with constant vertical flux of 0.3 m/yr and

water-table depth of 5 m for cases (a) with uniform air content above the water table

and (b) sandy loam moisture retention and hydraulic conductivity functions.. . . . . . . . . 68



xi

Figure 3-7  Annual temperature cycle for analytical model with sinusoidal surface

temperature (mean and amplitude of 9.2681 °C) and uniform thermal diffusivity (Dh =

27.2 m2/yr). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

Figure 3-8  Temperature and HenryÕs Law coefficient versus depth on 1 January 1993 for

nonisothermal conditions simulated by analytic model.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

Figure 3-9  CFC-11 concentrations versus time from 1990 to 1993 for water table at depth

of 5 m and steady water flux of 0.3 m/yr, under nonisothermal conditions. . . . . . . . . . . 72

Figure 3-10  Air content, moisture content, and effective dispersion coefficient versus

depth for sandy loam with water table at depth of 5 m and steady flow of

0.3 m/yr.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

Figure 3-11  CFC-11 concentration versus depth on 1 January 1993 for water table at depth

of 5 m and steady water flux of 0.3 m/yr.  Results for isothermal and nonisothermal

conditions are shown... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

Figure 3-12  CFC-11 concentration versus depth on 1 January 1993 for water table at depth

of 1 m and steady water flux of 0.3 m/yr. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

Figure 3-13  CFC-11 concentrations versus time from 1990 to 1993 for water table at depth

of 1 m and steady water flux of 0.3 m/yr, under nonisothermal conditions. . . . . . . . . . . 77

Figure 3-14  CFC-11 concentrations versus depth for case having water table at 5 m depth

and no flow for cases uniform moisture content, homogeneous sand loam, and

layered sand with a silt layer between 1 and 2 m depth. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

Figure 3-15  CFC-11 concentrations versus depth for case having water table at depth of 5

m, steady flow of 0.3 m/yr, and silt layer between 1 and 2 m depth for cases

isothermal, and nonisothermal conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

Figure 3-16  Air content, moisture content, and effective dispersion coefficient versus

depth for layered case with water table at depth of 5 m and steady flow of

0.3 m/yr.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

Figure 3-17  Annual cycle in temperature and HenryÕs Law coefficient at 4 m depth. . . . . . 84

Figure 3-18  Annual cycle in temperature and HenryÕs Law coefficient at land surface.. . . 85



xii

Figure 3-19  HenryÕs Law coefficients for CFC-11, CFC-12, and CFC-113, normalized

by their respective values at T = 0 °C, as a function of temperature. . . . . . . . . . . . . . . . . . . . 86

Figure 4-1.  Global atmospheric concentration of CFC-12, CFC-11, and CFC-113. . . . . . 91

Figure 4-2.  Mirror Lake site location and bedrock wells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

Figure 4-3. Ground-water ages in bedrock estimated from CFC-12 concentrations in 1990

& 1991 along projected cross-sections (a) A-AÕ, and (b) B-BÕ. . . . . . . . . . . . . . . . . . . . . . . . . 95

Figure 4-4.  Locations of individual piezometers, well clusters, and seep sampled for this

study.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .100

Figure 4-5.  Locations of soil gas sampling tubes installed for this study. . . . . . . . . . . . . . . . . .104

Figure 4-6.  Schematic of typical soil gas well.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .106

Figure 4-7.  Moisture content during 1996 and 1997 near W2 at depth of 18 cm and

average over depth range 50-80 cm... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .109

Figure 4-8.  Suction pressure head at W2 TDR site during (a) the summer of 1996, and (b)

the summer of 1997. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..110

Figure 4-9.  Gypsum block electrical resistance during summer 1997: (a) at W2 TDR site,

and (b) in separate borehole at W2 TDR site. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .112

Figure 4-10.  Water table elevations during summer 1997 in six piezometers near W2 TDR,

tensiometer, and gypsum block sites. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .114

Figure 4-11.  Air, surface and soil temperature near FS3.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .115

Figure 4-12.  Air, surface and soil temperature near FS4.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .116

Figure 4-13  Spatial distribution of dissolved oxygen concentrations in water samples from

piezometers at the Mirror Lake site, Grafton County, New Hampshire.. . . . . . . . . . . . . .126

Figure 4-14  Piper plot of major ions in samples from piezometers. . . . . . . . . . . . . . . . . . . . . . . . .127

Figure 4-15  Concentrations of dissolved argon and nitrogen in water samples from

piezometers and packer-isolated zones of bedrock wells at the Mirror Lake site,

Grafton County, New Hampshire. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .129



xiii

Figure 4-16 Concentrations of CFC-11 and CFC-12 in water samples from water-table

piezometers at the Mirror Lake site, Grafton County, New Hampshire.. . . . . . . . . . . . . .131

Figure 4-17 Concentrations of CFC-12 and dissolved oxygen in water samples from

piezometers at the Mirror Lake site, Grafton County, New Hampshire.. . . . . . . . . . . . . .132

Figure 4-18  Concentrations of CFC-11 and dissolved oxygen in water samples from

piezometers at the Mirror Lake site, Grafton County, New Hampshire.. . . . . . . . . . . . . .133

Figure 4-19 Concentrations of CFC-113 and dissolved oxygen in water samples from

piezometers at the Mirror Lake site, Grafton County, New Hampshire.. . . . . . . . . . . . . .134

Figure 4-20 Concentrations of CFC-11 and CFC-12 in water samples from water-table

piezometers at the Mirror Lake site, Grafton County, New Hampshire.. . . . . . . . . . . . . .136

Figure 4-21 Concentrations of CFC-11, CFC-12, and dissolved oxygen in water samples

from water-table piezometers at the Mirror Lake site, Grafton County, New

Hampshire. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .137

Figure 4-22  Concentrations of CFC-11 and tritium in water samples from piezometers at

the Mirror Lake site, Grafton County, New Hampshire. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .138

Figure 4-23  Box plot of CFC concentrations in soil gas at the Mirror Lake site, Grafton

County, New Hampshire. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..140

Figure 4-24  Spatial distribution of CFC-11 concentrations in soil gas samples from

sampling tubes at the Mirror Lake site, Grafton County, New Hampshire.. . . . . . . . . .145

Figure 4-25  Iron (II) and sulfate as a function of CFC-11 concentrations. . . . . . . . . . . . . . . . .149

Figure 4-26  Water table elevations in the lower part of the W stream drainage basin.. . . .150

Figure 4-27  Cross-section in the lower part of the W stream drainage basin showing the

land surface elevation, water table elevation, and concentrations of dissolved oxygen

(DO) and total organic carbon (TOC) in samples from water-table piezometers. . . . .151

Figure 5-1  Location map of Mirror Lake site, New Hampshire, regional-scale finite-

difference grid, and flow and transport subgrids. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..159

Figure 5-2.  Mirror Lake ground-water drainage basin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..160



xiv

Figure 5-3  Tritium concentrations versus apparent recharge dates from CFC-12

concentrations in ground-water samples from drift piezometers and bedrock wells at

Mirror Lake site. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .162

Figure 5-4.  Stream cells and shading of uppermost active model layer containing water

table in flow subgrid using model structure and calibrated parameters of Tiedeman and

others (1997). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .164

Figure 5-5  Simulated water-table elevation in flow subgrid using model structure and

calibrated parameters of Tiedeman and others (1997). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .167

Figure 5-6  Hydraulic head in bottom model layer (5) representing bedrock between 90 and

150 m below bedrock surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..168

Figure 5-7  Simulated ground-water age in upper bedrock from bedrock surface to 30

meters below bedrock surface for advection only using bedrock effective porosity of

0.05.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .170

Figure 5-8  Simulated ground-water age in deep bedrock from 90 meters below bedrock

surface to 150 meters below bedrock surface for advection only using bedrock

effective porosity 0.05. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..171

Figure 5-9  Simulated ground-water age in upper bedrock from bedrock surface to 30

meters below bedrock surface for advection only using bedrock effective porosity of

0.005. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .173

Figure 5-10 Simulated ground-water age in deep bedrock from 90 meters below bedrock

surface to 150 meters below bedrock surface for advection only using bedrock

effective porosity of 0.005.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..174

Figure 5-11  Simulated CFC-11 concentrations in upper bedrock from bedrock surface to

30 meters below bedrock surface for advection only using bedrock effective porosity

of 0.05. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .176

Figure 5-12 Simulated CFC-11 concentrations in deep bedrock from 90 meters below

bedrock surface to 150 meters below bedrock surface for advection only using

bedrock effective porosity of 0.05.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .177



xv

Figure 5-13  Simulated CFC-11 concentrations in upper bedrock from bedrock surface to

30 meters below bedrock surface for advection only using bedrock effective porosity

of 0.005.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .179

Figure 5-14 Simulated CFC-11 concentrations in deep bedrock from 90 meters below

bedrock surface to 150 meters below the bedrock surface for advection only using

bedrock effective porosity of 0.005. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .180

Figure 5-15 CFC-11 concentrations versus time in recharge areas for transport by

advection only using bedrock effective porosity of 0.005. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .181

Figure 5-16  Simulated CFC-11 concentrations in upper bedrock from bedrock surface to

30 meters below bedrock surface for advection and matrix diffusion using bedrock

effective porosity of 0.005, rock matrix porosity of 0.045 and exchange rate

coefficient of 10-4 day-1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..183

Figure 5-17 Simulated CFC-11 concentrations in deep bedrock from 90 meters below

bedrock surface to 150 meters below bedrock surface for advection and matrix

diffusion using bedrock effective porosity of 0.005, rock matrix porosity of 0.045

and exchange rate coefficient of 10-4 day-1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .184

Figure 5-18 CFC-11 concentrations versus time in recharge areas for transport by

advection and matrix diffusion using bedrock effective porosity of 0.005, rock matrix

porosity of 0.045 and exchange rate coefficient of 10-4 day-1.. . . . . . . . . . . . . . . . . . . . . . . . . .186

Figure 5-19 CFC-11 concentrations versus time for deep bedrock in recharge area for cases

of transport by advection using bedrock effective porosities of 0.05 and 0.005, and

transport by advection and matrix diffusion using bedrock effective porosity of 0.005,

rock matrix porosity of 0.045 and exchange rate coefficients of 10-6 and

10-4 day-1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .187



xvi

List of Tables

Table 2-1.  Hydraulic Properties of Three-Dimensional Model of Highly-Heterogeneous

Formation.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

Table 3-1.  Simulated air-phase concentrations in 1992 of CFCÕs and Krypton-85

immediately above the water table .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

Table 3-2.  Moisture retention and unsaturated hydraulic conductivity parameters for van

Genuchten - Mualem model of a sandy loam and silty loam... . . . . . . . . . . . . . . . . . . . . . . . . . . 59

Table 3-3.  General flow and transport parameters used for CFC-11 transport

simulation.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

Table 4-1.  Selected piezometer construction data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .101

Table 4-2.  Overview of water sampling procedures.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..102

Table 4-3.  Selected soil gas tube construction data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .105

Table 4-4.  Geochemical data from water samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .118

Table 4-5.  Concentrations of CFCÕs in soil gas. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .141



xvii

Acknowledgments
I am most indebted to my life partner, Cynthia Emily Ward Goode, whose constant

support and emphatic encouragement made this work possible.  More practically, she cared

for me and for our daughters, Emily Ethel Goode and Robin Imogene Goode, when I

could not, and still allowed me to enjoy the benefits of fatherhood.  I hope they will forgive

me this selfishness.  I also thank my parents, Jamie Joseph Goode and Imogene Medlock

Talley Goode, for being my first teachers; a lifelong job, it turns out.

Mike Celia has been an outstanding advisor and continues to be a friend and

mentor.  His clarity of thought and broad knowledge of hydrology and computational

methods have been a boon, and an inspiration, to me.

I thank my second reader, Catherine Peters, and committee members Jim Smith,

Peter Jaff�, and Chris Milly.

Thanks to current and former colleagues and professors who have contributed in

many ways to my long journey, so far, including Allen Shapiro, Paul Hsieh, Lenny

Konikow, John Wilson, Lloyd Townley, George Slaughter, Matt Gordon, Dick Codell,

Claire Tiedeman and Ward Sanford.

The help and friendship received from fellow students at Princeton has been

wonderful.  Thanks to Paul Reeves, Jon Johnson, Rudi Held, Jonathan Miller, Philip

Binning, Johathan Stevens, Beverly Shimada, Paula Sturdevant, and Saumyen Guha.  IÕve

benefited from working with, and getting to know, Helge Dahle, Ulrich Fischer, Andrea

Amantia, and others IÕm unfortunately forgetting.

Support for the Mirror Lake field study was provided by numerous colleagues at

the U.S. Geological Survey including Rick Perkins, Allen Shapiro, Paul Hsieh, Tom

Winter, Ed Busenberg, Niel Plummer, Don Rosenberry, Warren Wood, Tom Kraemer,

Don Vroblesky, Fred Robertson, Gary Paulachok, Bill Werkheiser, Dick Yager, Lisa

Senior, Drew Reif, Kevin Breen, Bob Michel, Julian Waylan, Mike Doughten, Art Baehr



xviii

and Matt Lahvis.  IÕm especially grateful for the dedicated field assistance, and good

company, of Johannes Voitleithner.

The Mirror Lake site is part of the Hubbard Brook Experimental Forest,

administered by the U.S. Department of Agriculture Forest Service, Northeast Experiment

Station, Radnor, Pennsylvania.  A number of individuals at the Forest Service contributed

to this work, including Wayne Martin, Amey Bailey, and Scott Bailey.  Individuals at the

Institute of Ecosystems Studies also helped me in a number ways; they include Don Buso,

Torsten Berger, Gene Likens, and Scott Nolan.  I thank the Science Advisory Committee

of the Hubbard Brook Ecosystem Study for permission to carry out my field activities, and

all the participants in the study for sharing their data so freely with me.  The scientific

leadership and logistical management of the USGS fractured-rock research effort at Mirror

Lake by Allen Shapiro and Paul Hsieh is gratefully acknowledged.  Tom Winter pioneered

the study of ground water at Mirror Lake, and has freely shared his data and wisdom

throughout this study.

Funding and other support for this work was provided by several programs within

the Water Resources Division of the U.S. Geological Survey: Graduate School Training

Program, Toxic Substances Hydrology Program, National Research Program, and

Pennsylvania District.  I received funding from Princeton University as an Assistant

Instructor for one semester, and the Graduate School paid my medical insurance fee for one

year.  Other, less tangible support from the Princeton University community is gratefully

acknowledged.



1

Chapter 1    Introduction

Estimation of flow and transport properties of large-scale ground-water systems is

difficult because small-scale measurements cannot be directly up-scaled, and because

large-scale field experiments cannot be easily conducted.  The presence of environmental

tracers, such as atmospheric gases, can serve as ongoing experiments on the large-scale

system (e.g. Plummer et al., 1993).  Interpretation of tracer transport via quantitative

simulation can yield estimates of large-scale properties.  In this approach, the historic

source function is used as a boundary condition for the transport model, and simulated

concentrations are compared directly to measurements.  If tracer concentrations are

affected by processes other than advection and dispersion, then those additional processes

must be included in the transport model.

A simple method of interpreting environmental tracer data is by age dating; the

measured concentration is used to estimate ground-water age.  For example,

Chlorofluorocarbon (CFC) concentrations in ground water can be converted to a recharge

date when the water was isolated from the atmosphere, based on the record of increasing

atmospheric levels.  The difference between the recharge date and the sampling date is

the ground-water age.  The ground-water age can be compared to advective travel times,

and hydraulic properties and effective porosity can be estimated (e.g. Reilly et al., 1994).

This method ignores dispersion.

This thesis explores two main topics in the use of ground-water age-dating

tracers, and CFC’s in particular, in estimation of large-scale flow and transport

properties.  The first topic is the relation between solute concentration and ground-water

age in systems affected by dispersion, mixing, and matrix diffusion. In Chapter Two, a

method is presented that bridges the gap between modeling ground-water age using

advection alone, and simulating tracer concentrations using advection, dispersion and
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exchange processes.  Simulations of ground-water age and CFC concentration are

compared and contrasted for a fractured-rock field site in Chapter Five.

The second topic is the effect of additional processes, primarily temperature

fluctuations and degradation reactions, on transport of CFC’s from the atmosphere to

ground water. The effects of fluctuating temperature and nonuniform soil properties on

CFC concentrations at the water table are simulated in Chapter Three.  A previously

observed problem with CFC’s as tracers is that under certain low-oxygen conditions

degradation can significantly reduce concentrations (Plummer et al., 1993).  In Chapter

Four, a field study of CFC concentrations at the water table focuses on degradation

reactions that may completely remove CFC’s from recharge waters.  Based on this field

study, the input source function of CFC-11 to ground water is modified in Chapter Five

for the large-scale transport model to account for degradation in some areas of the

watershed.

Chapter Two presents a theory of direct simulation of ground-water age by

transport modeling.  The theory bridges the two current approaches for interpretation of

age-dating environmental tracers: comparison of ground-water age dates to advective

(piston flow) travel times, and simulation of environmental tracer concentrations using

the advective-dispersive transport equation.  The impact of matrix diffusion, an important

process in fractured rocks, on ground-water age is theoretically examined.  Several

examples illustrate the application of the theory to characterize age in different ground-

water systems.  Chapter Two is an extension of Goode (1996).

 The effects of temperature fluctuations and material heterogeneities on dissolved

gas transport from the land surface to the water table are examined in Chapter Three.  A

one-dimensional transport model is developed and applied to unsaturated-zone conditions

representative of humid eastern climates.  Simulations examine CFC-11 transport under

nonisothermal conditions in which partitioning into the air and water phases changes as a
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function of temperature.  The impact of a fine-grained soil above the water table on air-

phase diffusion is also examined.

Chapter Four is a field study of the unsaturated zone at the Mirror Lake site

(Hsieh et al, 1993).  Use of CFC’s to age date saturated-zone ground water is based on an

assumption of chemical equilibrium between the water table and the atmosphere.

However, CFC concentrations at the water table are significantly degraded in some

locations in the Mirror Lake watershed.  The relation between CFC’s, dissolved oxygen,

redox indicators, and stream/aquifer interaction is examined based on field data collected

over a three-year period at the site.  Preliminary summaries of the findings reported here

have been presented at scientific meetings (see abstracts: Goode, 1997; Goode et al.,

1997).

Large-scale ground-water age and CFC-11 transport is simulated in Chapter Five.

These simulations use the theory of Chapter Two, and modifications to a USGS transport

model (Konikow et al., 1996) to approximate the effects of matrix diffusion on transport.

The flow model used is derived from that of Tiedeman and others (1997).  Results of the

transport and age simulation are compared and contrasted.  CFC-11 results are

qualitatively compared to results from field sampling (Busenberg and Plummer, 1996).
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Chapter 6  Summary and Conclusions

This thesis addresses several issues associated with environmental tracers in

ground water.  Topics include mathematical and numerical modeling of age in complex

ground-water systems, effects of temperature on atmospheric tracer transport to the water

table, and a field study of CFC’s at the water table.  Specific examples and applications

are drawn from the USGS fractured-rock research site at Mirror Lake, New Hampshire.

Chapter Two presents a theoretical model of ground-water age transport that can

be used to characterize systems influenced by advection as well as matrix diffusion and

dispersion.  This approach bridges the gap between current approaches of treating

transport as piston flow, or advection alone, focusing on ground-water age, and of

simulating advective-dispersive transport, focusing on tracer concentrations.  The theory

presented is general and accounts directly for the effects of dispersion, matrix diffusion,

and other processes on ground-water age.  Simulation results using this method can be

compared to apparent ages from tracer concentrations, and can be used to illustrate

ground-water transport conditions in an intuitive age framework.  However, this method

does not supplant simulation of tracer transport as the best approach to estimating

transport properties from observed concentrations because all processes that affect

measured concentrations of a particular tracer, such as decay and sorption, can be

explicitly included in the simulation.  Errors in apparent age from tracer data, for example

due to mixing, cannot be rectified by the proposed method.

In Chapter Three, the effects of temperature fluctuations on CFC-11 transport

from the land surface to the water table in humid areas are examined by simulation.

Generally, air-phase diffusion is sufficient to maintain water-table concentrations close to

those in equilibrium with the atmosphere.  A determining factor is the extent of

temperature fluctuations at the highest location above the water table where moisture



191

contents are nearly saturated.  Air-phase diffusion below this point will be unable to

rapidly transport CFC’s from the atmosphere to the underlying water table and a lag will

occur due to water-phase transport in the unsaturated zone.  If temperature fluctuations

are large at this point, then concentration of CFC’s in the water column will be elevated

compared to the equilibrium partitioning at the mean temperature.  This is caused by the

nonlinear relation between temperature and Henry’s Law coefficient, and will affect all

dissolved gases, depending on the curvature of their temperature relation.  Fine-grained

porous media generally hold more moisture than coarse-grained materials and can restrict

vertical CFC transport by limiting air-phase diffusion.

A three-year field study of the unsaturated zone and water table at the Mirror

Lake site, New Hampshire, is presented in Chapter Four.  Field data collected included

water levels and unsaturated-zone pressure head, moisture content by TDR, and soil

temperature.  Water samples were collected from shallow piezometers and analyzed at

USGS labs for general chemistry as well as dissolved gases, including CFC’s, tritium,

and other constituents.  Results indicate that in some areas of the watershed CFC

concentrations at the water table are significantly degraded by anaerobic biodegradation.

CFC-11 and CFC-113 are completely absent at several locations, while CFC-12 is

degraded to about one-third of modern levels.  Independent evidence of anaerobic

degradation includes methane concentrations and hydrogen gas concentrations.  The

latter suggest that methanogenesis and sulfate reduction are active terminal electron-

accepting processes. Oxygen and CFC gas transport to the water table is presumed to be

limited by normally high moisture content in the fine-grained glacial drift at the site.  An

area of observed streamflow loss corresponds to an area of active degradation, suggesting

a link between the supply of organic carbon from the stream bottom and degradation in

the aquifer. Where dissolved oxygen concentrations are above 4-5 mg/L, CFC

concentrations are in equilibrium with the modern atmosphere, assuming equilibration

temperatures ranging between 4 and 8 °C.
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Chapter Five extends some of the general results of Chapter Two to a particular

case of ground-water flow in glacial drift and bedrock at the Mirror Lake site, New

Hampshire.  Results from the age transport model indicate that ground-water ages in the

bedrock are not markedly different than those of the glacial drift.  As expected for a

relatively homogeneous parameterization of hydraulic and transport properties, oldest

ground-water ages exist beneath discharge locations where older water from deep in the

aquifer rises to the land surface.  CFC-11 transport simulation results can account for

degradation of CFC-11 in streamflow entering the aquifer, a process that cannot be

included in the general age model.  This leads to low CFC-11 concentration beneath a

losing stream reach, while the ground-water age is very young. Low CFC-11

concentrations are also observed where old water rises from deep in the aquifer to

discharge at lower parts of the Mirror Lake watershed.  CFC-11 concentrations are not

related to age for waters older than about 50 years, because the atmospheric concentration

before that time was essentially zero.  The impact of matrix diffusion depends on the rate

coefficient for exchange between the flowing water and the immobile water within the

rock.  If this exchange rate is small, then matrix diffusion has a minor retardation effect

on ages and CFC-11 concentrations.  However, in the case of age, the steady-state age

distribution (after many, many years) is independent of the rate coefficient.  CFC-11

concentrations in the bedrock can be significantly decreased by matrix diffusion, given

the small porosity of the active flow fractures.
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Future Work

Theoretical work on the effect of mixing on ground-water ages estimated from

tracer data, and methods to account for this during interpretation of field data, are much

needed.  The theory presented here for ground-water age is developed only for the mass-

weighted average age.  Because the input functions of environmental tracers are not

purely linear, the age associated with the concentration of a mixture is not equivalent to

the average age of the mixture.  Ground-water samples, especially from large pumping

wells and springs, represent mixtures of water having different sources, pathways, and

travel times.  The ground-water age modeling framework presented here may provide a

basis for methods to simulate the distribution of ages within a given volume, and the age

distribution could then be directly related to corrsponding concentrations through

convolution.

One of the aspects of seasonal temperature that is not considered here is the

interaction between changing temperature and variable recharge.  Here only steady-flow

conditions are considered.  There may be important effects of changing temperature that

will be manifest only when a variable recharge function, such as that due to snowmelt in

the early spring and evapotranspiration during summer, is coupled with the temperature

fluctuation.  Such studies would probably require more sophisticated coupled flow and

heat transport models, in contrast to the methods here in which the temperature is

independent of flow.  However, preliminary simulations using isothermal flow hydraulic

properties could be made using the numerical tools developed here.

A remaining question about the field results from the Mirror Lake site is the

extent to which the observed CFC degradation at the water table affects CFC

concentration in the bedrock.  Additional spatial coverage of the watershed would help

clarify this issue, although drilling is difficult in much of the area due to the steepness of

the watershed, and boulders in the glacial drift.  Loss of CFC’s from bedrock samples
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would yield apparent ages older than actual ages, but comparison of CFC-12 age dates

and tritium concentrations suggests the opposite result, that the CFC-12 age dates are too

young.  More detailed study of transport processes between the glacial drift and bedrock,

and within the bedrock, particularly the role of matrix diffusion and spatial variability,

would be required to interpret CFC concentrations in bedrock at this site.

The large-scale transport model used here for illustration of age and CFC-11

transport does not incorporate smaller-scale spatial variability which exists, but can not

be accurately quantified for the entire watershed.  Some of the features evident in these

simulations are not apparent in the measured CFC concentrations in bedrock at the site.

This is similar to the lack of match between simulated vertical head gradients and

observed vertical head gradients in the large-scale flow model.  The large-scale model

does not include these small-scale features, and these small-scale features may control

CFC concentration.  Given this inconsistency, it may be necessary to use stochastic

modeling, perhaps in a conditional simulation framework, to generate plausible

realizations of hydraulic and transport properties in the basin that yield simulation results

consistent with observed field data.
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